Eph receptors, the largest family of surface-bound receptor tyrosine kinases and their ligands, the ephrins, mediate a wide variety of cellular interactions in most organ systems throughout both development and maturity. In the forming cerebral cortex, Eph family members are broadly and dynamically expressed in particular sets of cortical cells at discrete times. Here, we review the known functions of Eph-mediated intercellular signaling in the generation of progenitors, the migration of maturing cells, the differentiation of neurons, the formation of functional connections, and the choice between life and death during corticogenesis. In synthesizing these results, we posit a signaling paradigm in which cortical cells maintain a life history of Eph-mediated intercellular interactions that guides subsequent cellular decision-making.
Eph Receptors and Ephrin Ligands
In the 25 years since their discovery in an erythropoietinproducing hepatocellular carcinoma cell line (Hirai et al. 1987 ), a wide variety of roles for signaling via the transmembrane Eph receptors have been identified and studied, particularly in the nervous system (Klein 2004) . In development, adulthood and disease, this dynamic group of cell surface-bound tyrosine kinases-the largest known family of such molecules-mediates communication between neighboring cells, thus influencing intrinsic cellular processes such as proliferation, adhesion, differentiation, and migration (Pasquale 2008) . This medley of cellular consequences is facilitated by a network of downstream intracellular signaling cascades, which are activated by the binding of an Eph receptor expressed by one cell to an ephrin ligand expressed by an adjacent cell . Originally designated as part of an A or B subtype with binding largely restricted within each group , promiscuity in binding between receptors and ligand subtypes is now well accepted Himanen et al. 2004; North et al. 2009 ).
Eph receptors are surface-bound tyrosine kinases. Ephrin ligands are also cell membrane tethered and capable of transmitting signals but are not themselves enzymatically active (Eph-Nomenclature-Committee 1997) . While a few examples of soluble or substrate-based signaling exist (Nicola et al. 1996; Pascall and Brown 2004; Alford et al. 2007; Oricchio et al. 2011) , a cell expressing an Eph receptor must generally come into contact with a cell expressing a ligand to trigger cell responses. These responses can be uni-or bidirectional; signaling cascades are initiated in the receptor cell, termed "forward" signaling, or in the ligand cell, called "reverse" signaling, or signaling can result in both receptor-and ligand-expressing cells. Binding of an ephrin on one cell to an Eph receptor on a neighboring cell is generally followed by autophosphorylation of the Eph receptor via its own kinase domain and then phosphorylation of other substrates (Davis et al. 1994; Holland et al. 1996) . Upon engagement, ephrins also initiate cellular signaling via partner proteins (Davy et al. 1999; Jiao et al. 2008; Lim, Matsuda, et al. 2008; Lim, McLaughlin, et al. 2008) . The identity and roles of downstream signaling pathways in both forward and reverse signaling are vigorously studied (Pasquale 2005; Pitulescu and Adams 2010) .
In addition to their catalytic kinase domain, Eph receptors also contain a sterile alpha motif domain, which facilitates interactions with Rho and Rac guanosine triphosphate hydrolases, and a C-terminus PDZ-binding domain, which mediates Pick1, Grip, and spine-associated RapGAP interactions (Hock et al. 1998; Torres et al. 1998; Buchert et al. 1999; Richter et al. 2007 ). Many of these interactions ultimately exert an effect on the actin cytoskeleton, leading to changes in cell morphology or adhesion, while others influence proliferation through cyclin D1 (Genander et al. 2009 ) or even apoptosis (Munarini et al. 2002) . A growing number of additional molecules are known to interact with Eph signaling including the atypical receptor tyrosine kinase (RYK), the chemokine receptor (CXCR4), fibroblast growth factor receptors, extracellular matrix-interacting integrins, immunoglobulin proteins, intercellular connecting molecules such as cadherins, claudins, and connexins, and neurotransmitter receptors such as the n-methy d-aspartate receptor (NMDAR) (Halford et al. 2000; Kasemeier-Kulesa et al. 2006; Arvanitis and Davy 2008; Fukai et al. 2008; Klein 2009; Akaneya et al. 2010) .
Cortical Development
The mammalian neocortex, the most recent evolutionary addition to the brain, is elegantly designed with 6 layers of distinct and morphologically diverse neurons spread across functionally dedicated areas. The intricate organization of the cortex is reflected in the complex functions it subserves, such as language, sensory perception and integration, attention, memory, and even personality (Brodmann 1909; Rakic 1974; Sidman and Rakic 1982) . Such complexity is achieved by the activity of many molecules, and the Eph/ephrins are invaluable in these processes. Indeed, a fundamental principle in the development, organization, and operation of the cerebral cortex is the precise compartmentalization of function, a tenet that is mirrored in the expression profiles of Eph family members.
Development of the cortex begins as the neural tube folds inward. The thin epithelium of the dorsal telencephalon will ultimately become the cerebral neocortex. Rapid proliferation of neuroepithelial (NE) cells begins halfway through the gestational period (Sidman and Rakic 1982) and is well underway by embryonic day (E) 10 in the mouse (Takahashi et al. 1993 (Takahashi et al. , 1994 (Takahashi et al. , 1995 Caviness et al. 2003) . NE cells divide rapidly to produce more NE cells (Gotz and Huttner 2005; Miller and Gauthier 2007; Kriegstein and Alvarez-Buylla 2009) . By E11, some of these NE cells begin to display astroglial characteristics and become specialized neural progenitor cells called radial glial cells (RGCs; Alvarez-Buylla et al. 2001; Gotz and Barde 2005; Mori et al. 2005) . The appearance of RGCs and the generation of the first postmitotic neuron mark the beginning of neurogenesis.
Symmetric divisions that produce mitotically competent radial glia exist initially. As time progresses, asymmetrical divisions that give rise to progeny with distinct post-division choices increase in frequency (Calegari et al. 2005) . Following mitosis, postmitotic daughter cells leave the ventricular zone (VZ), migrating superficially through the intermediate zone (IZ) before settling in the cortical plate (CP). A subset of cells leaving the ventricular surface, however, are not truly postmitotic; these intermediate progenitors linger in the subventricular zone (SVZ), located between the VZ and IZ, where they undergo 1 or 2 final neurogenic divisions (Privat 1975; Sturrock and Smart 1980; Bayer et al. 1991; Tarabykin et al. 2001; Miyata et al. 2004; Noctor et al. 2004; Wu et al. 2005; Attardo et al. 2008; Javaherian and Kriegstein 2009 ). The proliferation of these additional progenitor cells is thought to provide an extra opportunity for the mammalian cortex to expand in size (Hevner 2006; Martinez-Cerdeno et al. 2006) and is thought to have evolutionary significance regarding the appearance of Homo sapiens (Lukaszewicz et al. 2005 (Lukaszewicz et al. , 2006 Kriegstein et al. 2006; Rakic 2009 ). The expression of EphA3 and EphA5 in the primate SVZ hints at a role in these cells Rakic 1999a, 1999b) .
Maturing neurons migrate away from germinal zones, initiating cellular programs that result in morphological complexity, particularly the extension of cellular protrusions that will eventually form the axon and dendrites of the mature neuron (McConnell 1995; Banker 2003) . Proper morphological differentiation is a prerequisite for proper neuronal connectivity. Fundamental to this process is the induction of a host of cytoskeletal components that scaffold the complex cellular architecture and signaling machinery that mediate neuronal responsiveness and plasticity (Hotulainen and Hoogenraad 2010) . Forces that guide neuronal elaboration include signaling via soluble morphogens as well as cell-cell interactions via cellular adhesion molecules and surface-bound RYKs (Dalva et al. 2007; Yokota et al. 2010) . Interestingly, molecules historically implicated in axon guidance are now also considered essential for the establishment of neuronal shape (Polleux et al. 2000; Fenstermaker et al. 2004) .
A variety of Eph/ephrins are expressed in the developing cortex as it transitions into its functional adult form. Intriguingly, expression is dynamic; compartmentalized patterns of various family members change across time and space (Mackarehtschian et al. 1999; Rakic 1999a, 1999b; Yun et al. 2003) . Indeed, shifting expression patterns of Eph receptors and ligands parallel the transition of the developing cortical cells from a predominantly germinal phase, through migration, neuronal differentiation and incorporation into neuronal circuits, and finally, to natural and disease-based apoptosis (Table 1) . This review will detail Eph/ephrin signaling in the development of the cortex and consider the ways in which signaling via this family of molecules can continually influence the formation and function of this structure.
Eph Signaling in Cell Division
Outside the nervous system, Eph/ephrin engagement modulates that cell proliferation and dysfunction of Eph signals can result in uncontrolled cell division (Pasquale 2008) . A role for Eph-mediated signaling in the regulation of cell division also exists in the forming cerebral cortex. At the height of neurogenesis in the embryonic cortex, EphA4 and ephrin-B1 are selectively expressed in the initial proliferative compartment, the VZ, and their engagement influences cell division. Direct EphA4/ephrin-B1 binding in the cortex results in the stimulation of cell division within proliferative compartments (North et al. 2009; Fig. 1A) . Interestingly, only receptorcontaining cells were found to divide following receptor/ ligand engagement, implicating forward signaling in the promotion of cell division. Investigations of potential EphA4 cosignaling molecules include the fibroblast growth factor receptor (Yokote et al. 2005; Fukai et al. 2008) , an influential factor in guiding cell division in cortical development (Vaccarino et al. 1999) .
At the same time that EphA4 and ephrin-B1 are coexpressed in the VZ-promoting cell division, another receptor, EphB2, is present in the more superficial differentiated compartment, the CP (Fig. 1A) . Results from both gain-and Davy et al. (1999) loss-of-function experiments support a model in which activated ephrin-B1 acts to prevent the differentiation of progenitor cells, keeping them in the proliferative niche (Qiu et al. 2008) . Thus, Eph signaling appears to play 2 discrete roles during cortical proliferation: Promoting the division and proliferation of progenitor cells while also, separately preventing differentiation of post-mitotic cells. Roles for Eph signaling have also been described in postnatal proliferative neural compartments, the adult SVZ of the olfactory system (Conover et al. 2000; Holmberg et al. 2005 ; Fig. 1A 0 ), and the hippocampal subgranular zone (Khodosevich et al. 2011) . Overall, particular Eph receptors are expressed by progenitor cells of the postnatal cortex, and changes in Eph function lead to shifts in proliferation and differentiation of those progenitor cells. Additional data support a broad role for Eph signaling in the suppression of cell division in these neurogenic proliferative niches (Jiao et al. 2008 ).
Eph Signaling in Migration
As cortical cells adjacent to the lateral ventricle cease cell division, a program of neuronal differentiation is initiated; newly post-mitotic neurons migrate superficially to seed differentiated zones, eventually producing all of the excitatory neurons in the mature cortex (Sidman and Rakic 1973; Rakic North et al. 2009 ). At the same time, EphB's engage ephrin-B1 to suppress differentiation (Qiu et al. 2008; Arvanitis et al. 2010) . (A 0 ) Ephrin-A2 and EphA7 engage to promote the proliferation of progenitor cells in the adult SVZ (Holmberg et al. 2005) , which then migrate rostrally under the influence of EphB's to populate the olfactory bulbs (OB; Conover et al. 2000) . (B) Ephrin-A signaling directs migration of differentiating cortical neurons within radial units (Torii et al. 2009 ). (C) Ephrin-A3, expressed in the ganglionic eminence, repels inhibitory neurons as they migrate (Rudolph et al. 2010) , and routing them on a dorsal migratory path toward the cerebral cortex. (D) Ephrin-A5, expressed in a gradient in the subplate, repels EphA4-expressing thalamic axons, and directing them toward the cerebral cortex (Mackarehtschian et al. 1999; Uziel et al. 2002) . Corticothalamic efferents, expressing EphA7, are directed toward specific nuclei within the thalamus (Torii and Levitt 2005) . (E) EphA8 and EphA5 spatially segregate the fibers of the corpus callosum (Park et al. 1997; Hu et al. 2003) . (F) Ephrin-A5, which is expressed in response to synaptic activity, induces spine formation (Guellmar et al. 2009 ). (G) EphB2 signaling influences spine formation in the CP (Nolt et al. 2011) . (H) EphA7 overexpression promotes cell death within the developing cerebral wall (Depaepe et al. 2005 (Depaepe et al. ). 1985 (Depaepe et al. , 1990 . In coordination with this radial movement, inhibitory neurons derived from the basal ganglia tangentially migrate into the cerebral cortex, thus supplying interneurons to differentiated cortical domains (Anderson et al. 1997 (Anderson et al. , 1999 Butt et al. 2005) . Eph signaling also impacts cell movement in non-neocortical regions; in the hippocampal archeocortex, both radial migration of excitatory neurons and tangential migration of inhibitory neuron are impacted (Catchpole and Henkemeyer 2011) .
In the cerebral cortex, the proliferative and subsequent migratory states are actively maintained by Eph/ephrin signaling (Arvanitis and Davy 2008; Qiu et al. 2008) . VZ cells initiate differentiation, and the expression of pro-proliferative ephrin-B1 is actively suppressed via a microRNA mechanism (Arvanitis et al. 2010) . As these neurons move radially toward superficial cortical zones, they tend to remain in register with the point of their origin (Walsh and Cepko 1988 , 1992 Kornack and Rakic 1995) . Eph signaling appears to regulate this proximity while allowing some lateral dispersion; elimination of 3 ephrins resulted in less diffuse radial units (Torii et al. 2009 ), supporting the idea that Eph engagement maintains the spatial register of radially migrating neurons (Fig. 1B) . In addition, ephrin-Bs participate in the well established Reelin pathway to limit radial movement during corticogenesis; it was recently demonstrated that ephrin-B binds the secreted glycoprotein Reelin, thereby anchoring it to the cell surface and facilitating its induction of its intracellular signaling pathway beginning with Dab-1 (Senturk et al. 2011 ).
Interneuron migration is also affected by Eph signaling: Ventrally expressed ephrin-A3 acts as a repulsive cue for migrating interneurons, corralling cells to move dorsally (Rudolph et al. 2010 ; Fig. 1C ).
Eph Signaling in Mature Cortical Neurons

Eph Signaling in Axon Guidance
Eph signaling was first identified in the nervous system when a role in axon guidance in the retinotectal system was defined (Cheng et al. 1995; Drescher et al. 1995) . Indeed, the molecules are canonically recognized in the central nervous system as indicators of topographical information and were first identified as being positional cues (Drescher et al. 1995; Frisen et al. 1998; O'Leary and Wilkinson 1999; Knoll and Drescher 2002) . Consistent with this original role, subsequent studies demonstrated that Eph engagement influences afferent, efferent, and intracortical axon pathfinding in the forming cortex. Thalamocortical (TC) axons traverse subcortical regions during embryogenesis, arriving in the thalamorecipient layer, layer IV, just as recipient cells complete their maturation (Miller et al. 1993) . A gradient of ephrin-A5 expression in the posterior subplate was hypothesized to be important for early sorting of TC axons prior to the formation of layer IV (Mackarehtschian et al. 1999 ) and opposing gradients of Eph receptor and ephrin ligands in regions of the cortex and their corresponding thalamic nuclei predict patterns of innervation (Mackarehtschian et al. 1999; Vanderhaeghen et al. 2000; Dufour et al. 2003; Yun et al. 2003; Torii and Levitt 2005;  Fig. 1D ). Consistent with in vitro results demonstrating the decreased axonal outgrowth of limbic axons on ephrin-A5 substrates (Gao et al. 1998) , in vivo analysis revealed that EphA4-positive axons emerging from the thalamus were repulsed from ephrin-A5 domains since they were misrouted to the somatosensory cortex in ephrin-A5 −/− and ephrin-A5 −/− ; EphA4 −/− animals (Uziel et al. 2002; Dufour et al. 2003 ; Fig. 1D ). Finally, the ephrin family also affects efferent pathfinding of corticothalamic axons: EphA7-mediated signaling influences the topography of projections to thalamic nuclei (Torii and Levitt 2005;  Fig. 1D ).
Studies have also examined the role of EphA/ephrinA signaling on cortico-cortical circuitry (Fig. 1E ). An early constitutive deletion of EphA8 eliminated the corpus callosum (Park et al. 1997) , while another study involving gene replacement introduced a kinase-dead mutant of EphA5 and generated defective callosal projections from deep layers, but not from upper layers where EphA5 expression is lower. Interestingly, the authors posit that ephrin-A5 is attractive to some neurons and repulsive to others (Hu et al. 2003) .
Additional studies implicate Eph signaling in establishing connectivity within a particular cortical area. For example, axons from the ventroposterior nucleus of the thalamus of ephrin-A5 −/− and/or EphA7 −/− mice still innervate somatosensory cortex but either the representations of individual whiskers or the size of the entire barrel field were altered, respectively Vanderhaeghen et al. 2000; Miller et al. 2006) .
Cortical Compartmentalization
The hundreds of distinct functional areas that exist in the mature cerebral cortex are established during development (Rakic 1988) . Cortical areas arise via a combination of intrinsic specification (Rakic 1988; Miyashita-Lin et al. 1999; Nakagawa et al. 1999; Bishop et al. 2000; Hamasaki et al. 2004 ) and environmental cues (O'Leary 1989; Roe et al. 1990; Schlaggar and O'Leary 1991; Sharma et al. 2000; von Melchner et al. 2000) . Eph receptors and ephrin ligands are uniquely expressed as functional areas emerge and impact compartmentalization. Studies in monkey demonstrated that Eph signaling molecules are broadly and dynamically expressed in the developing cortex, marking emerging cortical areas Rakic 1999a, 1999b) . Indeed, Eph receptor expression delineates visual domains prior to significant afferent innervation and the emergence of clear cytoarchitectural distinctions (Sestan et al. 2001) . In mice, most of EphA receptor patterning is maintained in the absence of TC connections (Miyashita-Lin et al. 1999; Yun et al. 2003) , suggesting that some patterned Eph expression is independent of innervation. In contrast, ephrin-A5 expression is altered when afferent input is eliminated, suggesting that activity may play a role in the induction or maintenance of the ligand's expression (Yun et al. 2003 ; Fig. 1F ). Thus, Eph signaling appears to be both independent of and responsive to cortical areal formation.
Neuronal Differentiation and Synapse Formation
Consistent with roles for Eph-mediated signaling in the morphological elaboration of retinal and hippocampal neurons (Grunwald et al. 2004; Marler et al. 2008 ), a similar role for Eph signaling in the cerebral cortex is emerging. Indeed, cortical neurons in vitro are more motile and aggregate more in the presence of ephrin-A5, an effect that requires signaling through Src family kinases (Zimmer et al. 2007 ; Fig. 1F ). Moreover, spiny stellate neurons from layer IV have increased dendritic branching and filopodia, but fewer spines in ephrin-A5 −/− (Guellmar et al. 2009 ). EphB-mediated signaling also plays a role: Cultured cortical neurons or cortical slices from EphB1 −/− ; EphB2 −/− ; EphB3 −/− mice had increased filopodia with decreased motility and decreased synaptic density, respectively (Kayser et al. 2008 ). EphB2 appears to be the essential element since downregulation resulted in decreases in both spine number and extent of filopodia, while overexpression increased spine density (Kayser et al. 2008; Nolt et al. 2011 ; Fig. 1G ).
Postnatal Cortical Synapses and Plasticity
Postnatal distribution and localization of Eph family members in the cerebral cortex is unclear. General cataloging of gene expression demonstrates considerably lower levels for most Eph family members postnatally than in development (www. brain-map.org). Still, one receptor, EphA4, is clearly present, localized to spines and axons of the adult rat (Martone et al. 1997) , as well as to synaptosomes, post-synaptic densities, and clathrin coated and synaptic vesicles (Bouvier et al. 2008) .
In parallel to a widely recognized role for Eph receptors and ephrin ligands in the modulation of synaptic characteristics in the hippocampus (Murai et al. 2003; Hruska and Dalva 2012) , Eph signaling also impacts neuronal excitability in the cortex. For example, EphA4 overexpression in a subset of neurons in cortical cultures increased spontaneous bursting activity in cortical neurons in vitro (Clifford et al. 2011 ). In addition, Eph signaling affects shifts in neuronal responsivity, termed plasticity, within the neocortex. Indeed, the ability of neocortical neurons to change electrophysiological properties, due to the characteristics and/or the strength of synaptic partners or based upon the overall degree of cell excitability (Turrigiano 2008) , is supported, at least in part, by Eph/ ephrin signaling. In vitro analyses demonstrated that a reduction in GABA-mediated inhibition diminished the amplitude of mEPSC's via a decrease in AMPA receptors, but that this effect was lost when EphA4 was reduced. In keeping with a role for Eph signaling in neocortical plasticity, an experimentally induced increase in neuronal activity increased the phosphorylated, and thus active, form of EphA4 whereas EphA4-null neurons had decreased GluR1 expression (Fu et al. 2011) . While these results are tantalizing and support a role for Eph signaling in neocortical synaptic function, in vivo experiments must be performed to fully understand Eph-mediated synaptic changes in the neocortex.
EphBs have also been a focus of synaptic studies because of their ability to bind NMDARs and other post-synaptic partners and modulate synaptic signaling in other brain regions (Torres et al. 1998; Dalva et al. 2000 Dalva et al. , 2007 . In cultures of mature cortical neurons, EphB2 overexpression causes an increase in the co-localization of GluR1 and VGlut1 on spines, indicating an increase in mature dendritic spines. Indeed, these neurons had an increase in mEPSC amplitude largely due to an increased NMDA component. While brain slices from triple EphB receptor mutant mice (EphB1 −/− ; EphB2 −/− ; EphB3 −/− ) had an unexpected increase in surface NR2B expression, less NR2B was localized to synaptosomes (Nolt et al. 2011) . EphB activation can affect synapse density through its interaction with ephexin5. Without ligand present, EphB activates ephexin5, a guanine exchange factor for RhoA, which, when activated, decreases excitatory synapses. Ligand binding leads to the phosphorylation of ephexin5, which allows ubiquitination by Ube3A, targeting ephexin5 for degradation by the proteosome. This ultimately promotes the formation of excitatory synapses (Fig. 1G) . Most of the functional effects of this interaction were demonstrated in the hippocampus, while the biochemistry and binding studies were performed on cortical neurons (Margolis et al. 2010) .
Eph Signaling in Cell Death
During brain development, Eph signaling may also modulate cell survival. In a gain-of-function study, exogenous expression of EphA7 resulted in increased cell death in the forming cortex, whereas the complimentary loss-of-function elimination of EphA7 resulted in a subset of mutant embryonic brains becoming too large (Depaepe et al. 2005 ; Fig. 1H) . A connection between Eph signaling in maturity is equally intriguing: Supplementation with EphB2 improved cognition in a mouse model of Alzheimer's disease and investigation of gamma-secretase targets led researchers to identify EphA4 as a neuronal target in neural degeneration (Inoue et al. 2009; Cisse et al. 2011) . While it remains unclear how these results inform our understanding of cortical development and function, the possibility of a role for Eph signaling in determining survival is interesting.
Synthesis and Speculation
Eph signaling is a fundamental part of intercellular communication in the cerebral cortex from its formation through maturity, impacting proliferation, differentiation, migration, cellular elaboration, synaptic target selection, and synaptic function. Based upon the stereotyped, dynamic spatial and temporal expression of Eph family members during corticogenesis as well as the myriad roles of Eph signaling that have been shown to play a role in the life of a cortical neuron, we hypothesize that balanced and sequential signaling underlies the normal progression of cortical neurons from birth through death. An imbalance in Eph/ephrin interaction at a given stage of a cortical neuron's life may change its course: Different levels of Eph stimulation can produce "opposite" cellular consequences (Hansen et al. 2004 ) and relative amounts of signaling between cells, as opposed to absolute amounts, appears to impact cellular fates (Brown et al. 2000) . It is also possible that signaling through related family members, acting discretely but via overlapping downstream mediators occurs in a well-coordinated manner as development proceeds. Given the importance of Eph signaling in most milestones in the life of a cortical neuron, the Eph signaling experienced by any given cortical cell at any point during development may impact that cell's future behavior. According to this hypothesis, cortical cells maintain a sense, either actively through potentiation of downstream signalers or passively by the genes expressed by a new cellular state, of previous interactions via specific Eph receptors and ligands. This potential "memory" may influence subsequent cellular responsiveness. It remains unclear whether this kind of cellular memory would be accomplished by accumulation of signaling events, or if the "slate" of signaling events is wiped clean with each new stage of existence for a given cell. We look forward to additional studies of Eph/ephrin function in cortical development and to understanding whether this family of molecules is so widely used during the formation of this complex structure simply because of its diversity and flexibility, or if there is a concerted "Ephfort" to direct cells from cradle to grave.
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